Abstract A combined chemometrics-metabolomics approach [excitation-emission matrix (EEM) fluorescence spectroscopy, nuclear magnetic resonance (NMR) and high performance liquid chromatography-mass spectrometry (HPLC-MS)] was used to analyse the rhizodeposition of the tritrophic system: tomato, the plant-parasitic nematode Meloidogyne javanica and the nematode-egg parasitic fungus Pochonia chlamydosporia. Exudates from M. javanica roots were sampled at root penetration (early) and gall development (late). EMM indicated that late root exudates from M. javanica treatments contained more aromatic amino acid compounds than the rest (control, P. chlamydosporia or P. chlamydosporia and M. javanica). 1 H NMR showed that organic acids (acetate, lactate, malate, succinate and formic acid) and one unassigned aromatic compound (peak no. 22) were the most relevant metabolites in root exudates. Robust principal component analysis (PCA) grouped early exudates for nematode (PC1) or fungus presence (PC3). PCA found (PC1, 73.31 %) increased acetate and reduced lactate and an unassigned peak no. 22 characteristic of M. javanica root exudates resulting from nematode invasion and feeding. An increase of peak no. 22 (PC3, 4.82 %) characteristic of P. chlamydosporia exudates could be a plant ''primer'' defence. In late ones in PC3 (8.73 %) the presence of the nematode grouped the samples. HPLC-MS determined rhizosphere fingerprints of 16 (early) and 25 (late exudates) m/z signals, respectively. Late signals were exclusive from M. javanica exudates confirming EEM and 1 H NMR results. A 235 m/z signal reduced in M. javanica root exudates (early and late) could be a repressed plant defense. This metabolomic approach and other rhizosphere -omics studies could help to improve plant growth and reduce nematode damage sustainably.
Introduction
Plant roots exude (=''rhizodeposition'') an enormous range of potentially valuable low molecular weight compounds (e.g. amino acids, organic acids, sugars, phenolics, and other secondary metabolites) into the rhizosphere (Vivanco et al. 2002) . The presence of such compounds in the rhizosphere led other organisms to recognize them as signals for the presence of a host plant (Koltai et al. 2012) . The majority of the signaling between plants and other organisms is based on plant-derived chemicals, however signals are produced by the interacting organisms as well . Mechanisms used by roots to interpret the innumerable signals they receive from other roots, soil microbes, and invertebrates in the rhizosphere are largely unknown (Bais et al. 2006) . Nevertheless, compounds in root exudates play important roles in these biological processes (Kneer et al. 1999 .
Nematodes affect both the quality and quantity of root exudates which in turn influence the activity of both plantpathogenic and beneficial microorganisms in the rhizosphere (Rovira et al. 1974; Van Grundy et al. 1977; Bowers et al. 1996) . Roots infected by Meloidogyne incognita act as metabolic sinks, and symplastic transport of nutrients from the phloem to the feeding cell, and ultimately the nematode, result in increased rhizodeposition compared to healthy plants (Dicke and Dijkman 2001) . Root-knot nematodes (RKN) and cyst nematodes, which are sedentary endoparasites (Meloidogyne spp. and Heterodera/Globodera, respectively) exhibit complex and intimate associations with their host plant, which involve reciprocal signaling between host and parasite. With a few exceptions, the nature of the signaling molecules remains unknown . Sedentary plant-parasitic nematodes, such as Meloidogyne spp., have co-evolved with their hosts to develop mechanisms for successful root invasion. Nematodes produce a large repertoire of effectors including proteins, peptides and other small molecules (Haegeman et al. 2012) . How and what triggers the secretion of specific effectors in different host tissues and cells at critical timepoints in their parasitic process remains a mystery (Mitchum et al. 2013) . M. javanica perceives root signals prior to root physical contact and plant penetration. Root exudates play a major role in the attraction of plant parasitic nematodes (PPN) to their host roots (Teillet et al. 2013 ). However, the particular plant stimuli involved in key stages of the plant-nematode interaction have not yet been clearly identified (Dutta et al. 2012) . Plant root exudates originating from sites of previous penetration can influence nematode behavior, and a number of plant compounds, some present in root exudates, have been shown either to attract nematodes to the roots or to result in repellence, motility inhibition, or even death (Rao et al. 1996; Zhao 1999; Wuyts et al. 2006; Curtis et al. 2009 ). Rhizosphere microbiota also influences nematode biology. To this respect, penetration by M. incognita juveniles was reduced in mycorrhizal tomato roots, partly due to the negative effect of root exudates on nematode motility (Vos et al. 2012 ). Dababat and Sikora (2007) showed that nematode invasion of tomato was reduced significantly when roots were colonized by the endophyte Fusarium oxysporum FO162.
The nematophagous fungus Pochonia chlamydosporia (=Verticillium chlamydosporium) has been studied as a biocontrol agent of root-knot (Meloidogyne spp.), false root-knot (Nacobbus spp.) and cyst (Heterodera spp. and Globodera spp.) nematodes (De Leij and Kerry 1991; Atkins et al. 2003; Tzortzakakis 2007) . P. chlamydosporia is also an antagonist of economically important phytopathogenic fungi including root pathogens (Monfort et al. 2005; Leinhos and Buchenauer 1992) . This fungus is distributed worldwide and can survive as a saprotroph in the absence of the nematode host. Some isolates of this fungus are rhizosphere competent (Bourne et al. 1996) as well as easily cultivated in vitro (Bourne et al. 1999 ) and can produce stress-resistant chlamydospores. The fungus can colonize endophytically roots of host plants (e.g. Gramineae and Solanaceae) promoting their growth (Macia-Vicente et al. 2009, Escudero and Lopez-Llorca 2012) .
Metabolomics, the study of all metabolites in a given biological system (Dixon and Strack 2003) can detect putative signaling compounds (especially those of low molecular weight) present in the tritrophic interactions root-nematode-biocontrol agent. A compressive detection of these compounds and their dynamics would require diverse complementary analytical technologies (Moco et al. 2006 ). There are two approaches to study the production of small molecules in biological systems. The most common, metabolite profiling, is the analysis of small numbers of known metabolites in specific compound classes (e.g. sugars, amino acids or phenolics). At the other extreme, metabolic fingerprinting detects many compounds but their structures are rarely identified (Gibon et al. 2012) . In this work we have followed a mixed approach (profiling/ fingerprinting) since the response of tomato roots to RKNs/ nematophagous fungi (P. chlamydosporia) is largely unknown.
Fluorescence excitation-emission matrix (EEM) spectroscopy is a sensitive and fast technique. It has been applied to the study of solved organic matter (SOM) from different sources (Coble 1996; Mobed et al. 1996; Parlanti et al. 2000; Provenzano et al. 2001; Baker 2002; Chen et al. 2003; Sierra et al. 2005 , Hudson et al. 2007 , MarhuendaEgea et al. 2007 . Frequently, it is not possible to obtain EEM spectra with isolated peaks due to the heterogeneity of SOM (Chen et al. 2003) . Manual ''peak picking'' of the EEM fluorescence spectra of SOM often suggests the presence of several fluorophores, each one characterized by an excitation/emision wavelength pair (Marhuenda-Egea et al. 2007) . Parallel factor analysis (PARAFAC) has been applied to EEM fluorescence spectra to model the suite of complex EEM landscapes into chemically meaningful spectral and concentration components (Bro 1997; Andersen and Bro 2003) .
High resolution nuclear magnetic resonance (NMR) 1 H NMR spectroscopy is a non-destructive quantitative technique useful in metabolomic studies (Bothwell and Griffin 2011) . However, NMR, involves the detection of very small transitions in the nuclei of atoms, comparable with the thermal energy in the system, it is limited by low detection range (5-10 lM) (Heather et al. 2013) . Some metabolites are hidden in NMR spectra if they are co-resonant with higher concentration metabolites (i.e. resonances occur in the same region of the spectrum). Despite these problems, 1 H NMR spectroscopy has been used in a wide range of applications (Heather et al. 2013) , this included the study of metabolite profile of tomato fruits (Solanum lycopersicum L.) (Moco et al. 2008) .
High performance liquid chromatography-mass spectrometry (HPLC-MS) is a sensitive technique (Viant and Sommer 2013) adequate for separation and detection of semipolar secondary metabolites in plants (Moco et al. 2006) . In a sample of rhizodeposition lots of low molecular weight metabolites may occur. In our study we tried to identify variations in the relative intensities of the MS m/z signals or ''features'' obtained after HPLC-MS. These signals may serve as biomarkers or ''phenotypes'' of a given biological process (Lindon et al. 2007) .
The aim of the research described in this article is the use of a combined metabolomics approach (EEM fluorescence spectroscopy, 1 H NMR and HPLC-MS) to detect changes in the rhizodeposition of the tritrophic system: tomato, the plant-parasitic nematode M. javanica and the nematode-egg parasitic fungus P. chlamydosporia. We sought to evaluate the dynamics of different compounds in the tomato root exudates at the period of nematode juveniles (J2) invasion as well as the end of the cycle (gall maturation) of M. javanica. The metabolomic results are discussed in view of their possible role in signaling of this complex biological system. The possible implications of the putative root signals in the biomanagement of PPNs such as Meloidogyne spp. are also considered.
Materials and methods

Fungi, nematodes and plants
The nematode-egg fungal parasite P. chlamydosporia, isolate Pc123 (ATCC No. MYA-4875), used in this work was obtained from Heterodera avenae infected eggs in SW Spain (Olivares-Bernabeu and López-Llorca 2002) . RKN M. javanica was obtained from a field population (Escudero and Lopez-Llorca 2012) and maintained in susceptible tomato plants. Nematode egg masses were dissected from RKN-infested roots and stored at 4°C. Egg masses were hand-picked and surface-sterilized as in McClure et al. (1973) with slight modifications. M. javanica second-stage juveniles (J2) were hatched from surface-sterilized eggs at 28°C in the dark. Tomato plants (S. lycopersicum Mill. cv Marglobe) were used in all experiments.
2.2 Inoculation of tomato seedlings with P. chlamydosporia and M. javanica
Surface-sterilized tomato seeds were plated on germination medium and incubated at 25°C in the dark for 7 days (Bordallo et al. 2002) . Tomato seedlings free from contaminants were either inoculated for 3 days with P. chlamydosporia or were left uninoculated (controls) (20 each). They were then placed in 150 ml polypropylene sterile containers (VWR) each containing 70 cm 3 of sterilized sand and 23 ml of 1/10 Gamborg's B-5 basal medium (Sigma) and incubated for 15 days at 25°C under a 16 h light/8 h dark photoperiod. Twenty-five-day-old tomato plants, growing on sterilized sand as described above, were either left untreated or inoculated with 100 M. javanica juveniles (J2) per plant. Seven days later, a subsample of 10 plants per treatment was taken. The remaining plants (10 per treatment) were kept for a total period of 60 days (Escudero and Lopez-Llorca 2012) . Abbreviations of all treatments are as follows: tomato plants (To), tomato plants inoculated with P. chlamydosporia (To ? Pc), tomato plants inoculated with M. javanica (To ? RKN) and tomato plants inoculated with P. chlamydosporia and M. javanica (To ? Pc ? RKN).
Collection of root exudates
After collecting samples, the substrate of each plant was washed with 50 ml of sterile distilled water for 2 min by stirring at room temperature. Both, early root exudates (32 day-old-plants) and late (60 day-old plants) were collected and centrifuged 5 min at 11,180g and supernatants stored at -20°C until used.
Fluorescence analysis
Two milliliter of each root exudate were sampled and centrifuged at 11,180g. Supernatants were collected and EEM fluorescence spectra obtained with a Jasco Model FP-6500 spectrofluorometer. Excitation source was a 150 W Xenon lamp (contour maps of EEM fluorescence spectra were obtained from water extracts of whole root exudates). The emission (Em) wavelength range was fixed from 220 to 460 nm, whereas the excitation (Ex) wavelength was increased from 220 to 350 nm in 5 nm steps in Ex and in 2 nm steps Em. Slit widths were 5 nm and the root exudates were irradiated in a 1 cm path length fused silica cell (Hellma). The UV-visible spectra of samples were acquired (SHIMADZU UV-160 spectrophotometer, 200-800 nm, 1 cm quartz cuvette). Absorbance was always lower than 0.1 (OD units ) at 254 nm in order to reduce the absorbance of the solution to eliminate potential inner filter effects (Mobed et al. 1996) . EEM fluorescence spectra of root exudates were analysed using PARAFAC as in Ohno and Bro (2006) .
Nuclear magnetic resonance (NMR) spectroscopy
Root exudates (20 ml) were lyophilized and resuspended in 1 ml of ultrapure water (Millipore). Five hundred and fifty lL of these root exudates concentrated were placed in a 5 mm NMR tube with 50 lL of D 2 O with 0.75 % 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt (TSP). The spectra were referenced to TSP at 0.00 ppm.
All 1 H NMR experiments were performed on a Bruker Avance 400 MHz equipped with a 5 mm 1 H-BB-13 C TBI probe with an actively shielded Z-gradient. 1 D solution state 1 H NMR experiments were acquired with a recycle delay of 2 s, 32,768 time domain points and with 2.556 s of acquisition time. The number of scans was 1,024 and the experiment was carried out at 298°K. Spectra were apodized by multiplication with an exponential decay producing a 0.3 Hz line broadening in the transformed spectrum. 1 H chemical shifts were reference internally to the sodium trimethylsilyl [2,2,3,3-2 H 4 ] propionate at d 0.00. The 1 H NMR spectra were normalized and reduced to ASCII files using custom-written MestreC software (Santiago de Compostela, Spain) and aligned using icoshift (version 1.0; available at www. models.kvl.dk) (Savorani et al. 2010 spectra processing was performed in MATLAB (The MathWorks, Natick, MA).
High performance liquid chromatography HPLC-ESI-MS spectroscopy
The HPLC-ESI-MS analysis was performed with the Agilent (Santa Clara, CA) 1100 series HPLC instrument. The HPLC system was coupled with the Agilent 1100 Series LC/MSD Trap SL. The mass spectrometer was operated in the positive and negative ESI modes, and the ion spray voltage was set at 4 kV. Nitrogen was used as the sheath gas (30 psi), and the ion transfer capillary heated to 350°C. Injections were carried out using an HTC Pal autosampler (CTC Analytics, Zwingen, Switzerland) equipped with a 20 lL sample loop. The tomato root exudates were infused into the flow of the HPLC system (10 lL) through a T connection, under the following conditions: flow rate of the HPLC system, 0.3 ml/min (30 mM ammonium acetate and 5 % acetic acid at a ratio of 12.5:87.5, pH 2.5, solvent A). The LC separations were carried out with Phenomenex (Torrance, CA) Luna 5l SCX 100 Å column, 150 mm X 2.0 mm internal diameter, at 25°C. For the elution of the metabolites, an isocratic step was programmed with solvent A for 15 min. The overall flow rate was adjusted to 0.3 ml/min. Before use, the new SCX column was flushed overnight with 150 mM of ammonium acetate solution. The ranges of scans were 70-275 and 250-500 m/z to improve sensitivity. The raw data was transformed as explained by Marhuenda-Egea et al. (2013) . ) we chose an unsupervised method such as the robust principal component analysis (ROBPCA), instead of a partial least square (PLS) regression model due to our sample size. It was applied to reduce the data dimension (Verboven and Hubert 2005) . Using a classical PCA there was the possibility that the first components could be highly attracted by outlayers and would not give a good low-dimensional representation of data (Verboven and Hubert 2005) . Putative outlayer data were detected using diagnostic plots and eliminated from the final analyses when present (Verboven and Hubert 2005) . This multivariate data analysis (ROBPCA) was carried out using the LIBRA toolbox (available at http:// wis.kuleuven.be/stat/robust/software).
Results
EEM fluorescence spectra excitation-emission
and PARAFAC modeling of tomato root exudates Contour EEM spectra of tomato root exudates of all treatments are shown in Fig. 1 . The spectra indicated the presence of several fluorophores, characterized by Ex/Em wavelength pairs. Parallel factor analysis (PARAFAC) resolved EEM spectra into chemically meaningful spectra components. PARAFAC model components were calculated. CONCORDIA values were 97.1, 58.5 and 5.6 for models with two, three and four components respectively. Therefore, to analyze the fluorescence data, a two component model was used (Fig. 1) . Component 1 included three putative fluorophores with Ex/Em wavelength pairs of 315/438, 265/438 and 240/438 nm corresponding to high molecular weight phenolics similar to fulvic and humic acids (Bertoncini et al. 2005; Sierra et al. 2005; Ohno and Bro 2006) . Component 2 included two putative fluorophores with Ex/Em wavelength pairs of 280/336 and 230/336 nm corresponding to aromatic amino acids such as tryptophan and tyrosine (Chen et al. 2003 ; Marhuenda- et al. 2007 ). The intensity of component 1 for all samples was higher than that of component 2. EMM spectra of early tomato root exudates were similar irrespective of the treatment (Fig. 1a-d ). Slight differences were found only in component 1, but no differences were found for component 2. On the contrary, differences in late tomato root exudates EEM spectra for component 2 were apparent, especially in root exudates from plants inoculated with RKN ( Fig. 1e-h, online resource 1) . Statistical analyses (p value \ 0.05) showed that To ? Mj and To ? Pc ? Mj root exudates significantly contained more compounds with aromatic amino acids than To and To ? Pc root exudates (online resource 2). Conversely, when only the nematophagous fungus (P. chlamydosporia) was in the rhizosphere, the intensity of component 2 was the lowest (Fig. 1f) , although this difference was not statistically significant (online resource 2). Regarding evolution of both components, over time component 1 remained virtually unchanged. On the contrary, component 2 increased from early to late exudates to different extents for each treatment with a maximum of fivefold for M. javanica treatments (Online resource 2).
3.2 Nuclear magnetic resonance (NMR) spectroscopy of tomato root exudates Representative 1 H NMR profiles from To and To ? Mj treatments are shown in Fig. 2 . The dataset contained 23 peaks. Ten of these were included in the organic-acid/ amino acid region (I), eleven in the sugar/polyalcohol region (II) and two in the phenolic/aromatic region (III). Some 1 H NMR peaks could be identified after 2D-NMR and using 1 H NMR spectra from pure compounds ( Table 1) . A visual inspection of the profiles indicated that acetate (peak no. 5), lactate (peaks no. 2 and no. 12), malate (peak no. 7), succinate (peak no. 8), formic acid (peak no. 23) and an unassigned aromatic compound (peak no. 22) were observed in early root exudates.
ROBPCA was used to provide an overview of sample grouping between treatments. The first principal component (PC1) of the score plot from early root exudates explained ca. 73 % of the total variability and clearly separated root exudates, with M. javanica (on the negative side) from the rest (on the positive side, Fig. 3a) . The second (PC2) and third (PC3) components explained 7.99 and 4.82 % of sample variability respectively (Fig. 3b, c) . The PC3 score plot illustrated the separation of samples due to the presence of the nematophagous fungus, P. chlamydosporia (Fig. 3b) .
Loading analysis (Fig. 3c) suggested that the metabolites contributing most to this separation along PC1 were dominated by the acetate peak (no. 5), one unassigned peak in the aromatic region (no. 22), lactate (peak no. 2) and the sugar/polyalcohol region. PC2 loading (Fig. 3d ) was dominated by lactate (peak no. 2), malate (peak no. 7), several peaks in the sugar/polyalcohol region, and the unassigned peak no. 22. Finally, the loading for PC3 (Fig. 3e) was dominated by the unassigned peak no. 22.
For late root exudates score plot of PC1 explained ca. 65.9 % of total variability (Fig. 4a) . In this case, PC2 and PC3 explained 16.9 and 8.73 % respectively of the variability of samples (Fig. 4a, b) . Only in the case of PC3, samples were grouped by the presence of nematodes (negative side, Fig. 4b ).
PC1 loadings (Fig. 4c) showed that major differences in the samples were again due to acetate (peak no. 5). Differences in PC2 loading (Fig. 4d) were due to signals in the sugars/polyalcohol region and in the phenolic/aromatic region (formic acid and peak no. 22). In PC3 (Fig. 4e ) loading showed variations in many signals due to the presence of the nematode in the roots. Differences were found in the amino acid/organic acid and sugar/polyalcohol regions, and a faint increase in signals intensity was found in the phenolic/aromatic region (between 6.5 and 7.5 ppm) and more specifically formic acid and peak no. 22 explained the difference. This result can be correlated with the increase of signals from component 2 found in PARAFAC analysis of EEM Fluorescence data shown in Fig. 1e -h. A metabolomic approach to study the rhizodeposition in the tritrophic interaction 795 Table 2 (Online resource). Those m/z signals were classified using Venn diagrams (Fig. 7) . Early rhizodeposition in tomato roots included less (16) m/z signals with intensities significantly different from controls than late (25) m/z signals. However, in the former all treatments included m/z signals with differences vs. tomato (controls) root exudates. On the contrary, in late exudates only those from roots with M. javanica had differences in m/z signals vs. controls. In early root exudates five m/z signals (130, 235, 235b, 263 and 343.9 m/z) were found associated with the presence of M. javanica (Fig. 7a) . Two of those m/z signals (130b and 263) were found associated with the presence of both M. javanica and P. chlamydosporia in the rhizosphere. Only one m/z signal (174.8 m/z) in P. chlamydosporia early root exudates displayed significant varied expression. On the contrary, all m/z signals in late root exudates were associated with the presence of M. javanica (Fig. 7d) . Two of those (235 and 235b m/z signals) were also present in early root exudates. Regarding intensity in early root exudates most (56 %) m/z signals were reduced respect to uninoculated roots. Conversely, in late root exudates most (64 %) m/z signals in treatments were increased.
Discussion
In this work we have used a metabolomics approach to analyze the rhizodeposition of tomato plants infected by RKNs (M. javanica) and inoculated with a nematophagous fungus (P. chlamydosporia). This approach included three strategies (EMM, 1 H NMR and HPLC-MS) for analysis combined with chemometric tools. The presence of the RKN M. javanica in the rhizosphere was the factor which influenced most the metabolomic profile of tomato root exudates.
PPN manipulate plant development pathways (Gheysen and Mitchum 2011) . Therefore nematodes respond to root metabolites and in turn modify rhizodeposition (Koltai et al. 2012; Teixeira-Machado et al. 2012) . Also PPN infestation may influence the chemical profile of the root exudates (Back et al. 2010) . This is specially true at the end of their life cycle when RKN enhance rhizodeposition making roots ''leaky'' (Bourne et al. 1996) . In our study, sampling times were established to include in M. javanica infested roots -juvenile root penetration (early exudates) and gall formation and development (late exudates). When early root exudates were analyzed fluorometrically PCA could not group them by treatment (e.g. nematode, fungus or both). However PC1 of 1 H NMR data indicated that early exudates from nematode infested roots were characterized by a large increase in acetate, a reduction in lactate and in an unassigned aromatic compound peak no. 22 content. This metabolomic profile would illustrate the rhizodeposition corresponding to nematode root recognition and penetration and early feeding site development (Hofmann et al. 2010) . EEM fluorescence spectra of late exudates from roots infested with RKN (inoculated or not with with P. chlamydosporia) showed an increase in aromatic compounds (Chen et al. 2003) respect to roots with no RKN. These could either be peptides including aromatic amino acids (such as tryptophan and tyrosine) or the amino acids themselves. Aromatic amino acids have been previously described in tomato root exudates (Simons et al. 1997 , Vivanco et al. 2002 . The role of these aromatic compounds is unknown. They could be plant defenses since amino acids in root exudates have been found to inhibit egg-hach and juvenile root penetration of the RKNs M. javanica (Tanda et al. 1985) . These putative tomato defenses could not, in our case, have affected nematodes hatching/invasion since they were increased in late root exudates during gall formation and maturation. The reason for this would be the tomato cv. used in this study highly susceptible to RKN (Bendezu 2004) . In a metabolomic study of the cyst nematode Heterodera schachtii in Arabidopsis infested roots, amino acids were increased in syncitia (root feeding sites) induced by the nematode (Hofmann et al. 2010 ). We could identify in a 1 H NMR profile organic acids such as acetate, malate, lactate, succinate and formic acid some of them were reported previously in tomato root exudates (Kamilova et al. 2006; Zhang et al. 2009; Teixeira-Machado et al. 2012; Hage-Ahmed et al. 2013) . Amino acids, glucose, malate, and other metabolites detected in our study by 1 H NMR, are probably essential for nematode nutrition (Baldacci-Cresp et al. 2012) . Alternatively, aromatic amino acids could be part of plant peptide hormones (CLEs), which regulate wide variety of developmental processes. CLEs have been found to be mimicked by nematode effectors (Gheysen and Mitchum 2011) . Therefore, the increase in fluorescent signals corresponding to aromatic amino acids could be due to CLEs from plant or nematode origin involved in root morphological changes associated with gall development and maturation. Using 1 H NMR an unassigned peak (no. 22) corresponding to an aromatic compound had reduced expression in early and late RKN infected root exudates. These could be putative tomato defense metabolites suppressed by M. javanica in a susceptible tomato cultivar. To this respect, RKN are known to either supress host defence signalling or are able to avoid host recognition (Goto et al. 2013) .
A large increase in the unassigned aromatic compound (peak 22), was detected by 1 H NMR in P. chlamydosporia colonized roots. This increase in a putative defense compound (see above) could be an evidence of ''priming'' or induction of plant defenses by beneficial microbes (Conrath et al. 2006) . To this respect several biocontrol agents including bacteria and fungal endophytes (Shovesh et al. 2010 ) are known to induce priming. P. chlamydosporia is a facultative endophyte, found to elicit in several plants including tomato local (e.g. cell wall papilae) as well as systemic plant defense responses (phenolics) (Bordallo et al. 2002; Macia-Vicente et al. 2009; Escudero and Lopez-Llorca 2012) . The latter could contribute to a P. chlamydosporia specific tomato rhizodeposition profile.
In this work, we used an HPLC-MS approach to generate a metabolomic fingerprint (Gibon et al. 2012 ) of the rhizodeposition in the tritrophic system: tomato, M. javanica and P. chlamydosporia. The complex data set generated was classified by treatments using a Venn diagram approach. This useful technique commonly used in otheromics approach has not been fully exploited yet with metabolomics data (Patti et al. 2012) .
The HPLC-MS fingerprint of early rhizodeposition in tomato roots included less (16) m/z signals with intensities significantly different from controls that in late (25) exudates. Besides, early m/z signals could be associated to M. javanica or P. chlamydosporia, whereas in late root exudates all m/z signals were associated with M. javanica in the roots. This confirms our previous findings with the other two analytical tools (EEM and 1 H NMR) used which detected M. javanica as the main factor for classifying root exudates.
As already suggested metabolites (m/z signals) with reduced expression in M. javanica derived exudates, could be suppress plant defences. In our study, a 235 m/z signal was reduced in M. javanica exudates (both early and late) respect to control tomato exudates. This could be a strong candidate for a nematode-suppressed plant defence which should be identified and studied in future works (Dutta et al. 2012) . Only a 174.8 m/z signal could be associated and increased with the presence of P. chlamydosporia in the rhizosphere. Although the mass coincides with that of indole-3-acetic-acetic acid our efforts to confirm this by MS were unsuccessful (not shown). However, detection of tryptophan, a precursor of IAA, in this study and the tomato root growth promotion by P. chlamydosporia (Escudero and Lopez-Llorca 2012) would support this hypothesis. Future studies should clarify the presence of auxin in the rhizodeposition in this tritrophic system. Finally, the integration of several ''-omics'' data (such as metabolomics, proteomics, and transcriptomics) will play a key role to understand plant, nematode and biocontrol fungus effectors to improve plant growth and reduce nematode damage (Mitchum et al. 2013) .
